A shallow snowpack, such as that seen in Mongolia, easily melts through heating by the atmosphere. In turn, a snow-free surface without much meltwater heats the atmosphere quickly through heat fluxes at the surface. The present study investigated the snowmelt processes over eastern Mongolia during 2005−2007, using ground-observed temperature, snow depth, albedo, and radiation data. Moreover, we explored atmospheric influences on the snowmelt through the heat budget analysis of reanalysis data provided by the National Centers for Environmental Prediction.
Introduction
Eurasia, the largest continent in the world, has a dramatic seasonal change in land-surface conditions; 60 percent of its area is covered with snow during mid-winter in contrast with there being almost no snow cover during summer. These snow conditions are most likely to significantly affect the characteristic continental climate and its interannual variation. It is well known that there is a negative correlation between the winter snow cover over the continent and the subsequent Asian summer monsoon, as pointed out for the first time by Blanford (1884) . Since then, considerable evidence of such correlation has been accumulated from analyses of satellite-observed snow data (e.g., Hahn and Shukla 1976) and ground-based snow data (e.g., Shinoda 2001; Shinoda et al. 2001; Ueda et al. 2003) and numerical simulations (e.g., Barnett et al. 1989) . On the other hand, there have been a few attempts to explore the physical processes that cause snowmelt on the continent (Ueda et al. 2003; Iijima et al. 2007 ). The above-mentioned studies dealt only with areas of deep snow exceeding a few tens of centimeters. Nevertheless, very few studies have investigated regions of shallow snow such as those in Mongolia. The yearly maximum snow depth in Mongolia is only a few centimeters (Morinaga et al. 2003) ; thus, the snow tends to disappear over a large area abruptly in the period of several days when there is strong heating, most likely having a dramatic impact on the albedo and consequently the heat budget at the surface. Thus, it is vital to identify the snowmelt timing and its physical processes on a daily basis. Iijima et al. (2007) demonstrated that the increase in air temperature and water vapor that accompanies snow melting over eastern Siberia is due to warm and wet air advection in conjunction with enhanced water vapor convergence. Nemoto (2007) determined that snowmelt in Mongolia was due to a higher air temperature and concurrent increased downward longwave radiation on the basis of limited data recorded by only one station during 2005, but he did not reveal why the temperature increased. This motivated us to make a comprehensive analysis of the snowmelt processes. First, we investigate the snowmelt processes over a large area in eastern Mongolia during the springs of a longer period of 2005−2007 using ground-based meteorological and snow depth data. Second, we explore the snowmelt-related heating processes through atmospheric heat budget analysis.
Data and method
We used ground-based observational data recorded at the specific site of Bayan Unjuul (BU) in central Mongolia ( Fig. 1 ; 47°02′38.5″N, 105°56′55″E), which was established for a drought experiment (DREX) commencing in 2004 (Shinoda et al. 2010a) and has recently been used for the joint Japan−Mongolia−USA project DUVEX (Dust−Vegetation Interaction Experiment) (Shinoda et al. 2010b ). The dataset includes temperature, water vapor, relative humidity, pressure, longwave radiation, and shortwave radiation data from 2005 to 2007. Also used are surface data of temperature and snow depth routinely observed at six sites ( Fig. 1 ) in eastern Mongolia that were obtained from the Institute of Meteorology and Hydrology of Mongolia (IMH). Moreover, we used daily-averaged atmospheric data from the reanalysis data of the NOAA National Centers for Environmental Predictions (NCEP) in eastern Mongolia ( Fig. 1; 40°N−50°N , 105°E−120°E) from 1979 to 2007. The dataset comprises data of horizontal and vertical winds, temperature, and relative humidity defined at points on a 2.5° longitude by 2.5° latitude grid over 15 vertical levels from 850 to 10 hPa. There are mountains with complex topography in western Mongolia exceeding 3000 m elevation, while relatively flat lands of about 1000 m elevation extend in eastern Mongolia. Thus, we focused on the eastern area with such a simple landform for easier treatment of the lower boundary layer in the present atmospheric heat budget. In this regard, we used The amplitudes of variations of the two heat budget terms increased from early February to mid-March (Figs. 2a, b) . During this period, horizontal advection, vertical adiabatic heating, and surface pressure fluctuated with similar periodicity of a few days. However, the maximum of the horizontal advection term was about 1 day later than the maxima of the vertical adiabatic term and surface pressure. In general, the two heat budget terms are in phase, both having similar positive values (200−300 W m −2 ) in their maximum phases. On the other hand, the wind speed tended to decrease during the snowmelt events (not shown), suggesting that it did not play a crucial role in the snowmelts through enhancing surface heat exchange.
Snowmelt and Atmospheric Heating Processes over Eastern Mongolia
In accordance with the above-mentioned results, the change in temperature at BU between the previous and following days of a given day had stronger correlation with the change in longwave radiation (r = 0.67; at the 0.1% significance level) than with that in shortwave radiation (0.31; 0.1%), while for the atmospheric heating terms, the change in temperature had stronger correlation reanalysis data above 850 hPa because eastern Mongolia has an elevation of about 1000 m.
To examine the atmospheric influence on the snowmelt processes, we calculated the atmospheric heat budget. The estimates of horizontal (horizontal advection) and vertical (vertical advection plus adiabatic compression) components of adiabatic heating and diabatic heating are obtained using the thermodynamic balance equation and reanalysis data:
where T is temperature, V is the horizontal wind, ω is the vertical p-velocity, and C p is the specific heat for dry air. Q is referred to as the apparent heat source because of possible contributions resulting from unresolved eddies associated with dry thermal convection (Yanai et al. 1973; Ueda et al. 2003) . The lower atmospheric heat budget is calculated for the domain shown in Fig. 1 by vertically integrating Eq. (1) from 850 to 500 hPa. This lower troposphere is considered to have a crucial influence on the surface air temperature, which is closely related to snowmelt.
Results

Snowmelt processes
In this subsection, the snowmelt mechanism is examined using ground-based data recorded at seven sites (comprising BU and six routinely observing stations) over eastern Mongolia from 2005 to 2007. Figure 2 shows the time series of daily-mean (c− h) meteorological elements at BU, (i) surface air temperature and (j) snow depth averaged over the six routinely observing sites during the snowmelt season of January−March 2006 (that is, Day of Year (DOY) 20−90). We used the data of albedo for BU instead of snow depth because there is no such observation. In the present analysis, a snow-free surface is defined as having an albedo of 0.2 or less as calculated from the shortwave radiation data. The temperatures for BU (Fig. 2g ) and the six stations (Fig. 2i ) correlated highly at the 0.1% significance level (0.95).
As shown in Figs. 2g and h, snowmelt (that is, a decrease in albedo indicated by the blue area) timings (DOY 43−44 and 63− 65) appeared to coincide with the appearance of a daily-mean temperature of more than −10°C. On those days, the temperature may exceed 0°C during the day, as observed for the daily-maximum temperature (Fig. 2g ). There were substantial decreases in albedo exceeding 0.1 at BU (Fig. 2h) 
Heating processes
This subsection examines the mechanism of how the lower tropospheric heating results in higher surface air temperature and finally snowmelt using the reanalysis data in the domain shown in Fig. 1. Figure 2 illustrates the daily time series of horizontal and vertical components of adiabatic heating as well as BU data of surface pressure, downward shortwave, and downward longwave radiation. The shortwave radiation gradually increased during the analysis period (Fig. 2d) , whereas the longwave radiation markedly varied with a periodicity similar to those of temperature and water vapor pressure (Figs. 2e, f, g ).
The temperature (Fig. 2g ) fluctuated in phase with the downward longwave radiation (Fig. 2e) , but apparently not with the downward shortwave radiation (Fig. 2d ). There were eight with horizontal advection (0.62; 0.1%) than with vertical adiabatic heating (0.33; 0.1%). Note that the one-day lag correlation between the change in temperature and vertical adiabatic heating (0.58; 0.1%) was higher than the concurrent correlation (0.33; 0.1%). The vertical adiabatic term was also strongly correlated with air pressure (0.51; 0.1%). Figure 3 depicts the patterns of sea-level pressure and winds at 850 hPa together with the horizontal advection and vertical adiabatic heating composited for the previous days and the days highlighted. Since this analysis highlights the mechanism of abrupt temperature increases, the 8 days used here include 5 days without distinct snowmelt during DOY 20−90. On the previous days (Fig.  3a) , the center of the anticyclone is over northern Mongolia, being accompanied by northwesterlies in the forward (southeast). The northwesterlies enhanced cold horizontal advection to the east of the anticyclone center. The dominant vertical adiabatic heating was almost over the same area (covering the entirety of Mongolia) as the anticyclone existed (Fig. 3b) . On days with abrupt temperature increases (Fig. 3c) , the anticyclone center propagated southwards, while southwesterlies in the backward (northwest) passed over northern Mongolia. The southwesterlies enhanced warm horizontal advection to the north of the anticyclone center including eastern Mongolia and Siberia. The vertical adiabatic heating mainly covered the southeast part of the anticyclone including northeastern China (Fig. 3d) . It should be noted that there was only vertical adiabatic heating over eastern Mongolia on the previous days, while there were both warm horizontal advection and vertical adiabatic heating on days with abrupt increases in temperature. In the time series of pressure (Fig. 2c) , there was a large fluctuation during the snowmelt season in phase with alternative eastward migrations of cyclones and anticyclones. This sequence led to frequent temperature increases that caused snowmelt. Figure 4 is the composited time series of horizontal advection, vertical adiabatic heating, temperature, and snow depth for the six stations. Vertical adiabatic heating peaked 2 days (Day −2 ) prior to the large snowmelt. This was followed by horizontal advection and an abrupt temperature increase (Day −1 ).
Heating patterns
Discussion and conclusions
We elucidated snowmelt-inducing atmospheric processes over the region of shallow snow cover in eastern Mongolia. Time series analysis showed substantial snowmelt events at BU under certain atmospheric conditions-air temperature exceeding −10°C and increased water vapor pressure in excess of 1.9 hPa-and consequently increased downward longwave radiation of more than 194 W m −2 under clear-sky conditions. Interestingly, these critical values agree well with the corresponding values (−10°C, 2 hPa, and 170 W m −2 , respectively) obtained for eastern Siberia (Iijima et al. 2007 ), although the yearly-maximum snow depth is approximately 40 cm (more than the few centimeters in eastern ; red denotes heating and blue cooling) on the previous days (a, b) and the days highlighted (c, d) composited for 8 days having a temperature increase more than 7°C from the previous days at Bayan Unjuul. The domain for the atmospheric heat budget is denoted by the thick lines. The boundaries of countries are indicated by the thin lines.
Mongolia) and the entire snowmelt process took approximately 30 days (longer than the few days in Mongolia).
Air temperature and water vapor content in the lower troposphere (especially the lowest 1 km layer of the atmosphere) make a large contribution (approximately 90%) to the emission of downward longwave radiation and this is the largest energy source for the melting of ice or snow (Ohmura 2001) . Iijima et al. (2007) found that the increase in air temperature and water vapor that accompanies snow melting over eastern Siberia is due to warm and wet air advection in conjunction with enhanced water vapor convergence. On the other hand, Ueda et al. (2003) identified the horizontal warm advection as a primary factor of the snowmelt on the East European Plain and the adiabatic heating of descending air as a secondary factor. The present analysis reveals that both horizontal advection and vertical adiabatic heating (mainly for warming) are responsible for concurrent warming and wetting in the atmosphere, leading finally to increased downward longwave radiation and thus the melting of snow. Besides the melt, sublimation may make some (but a small) contribution to the loss of the snowpack; Zhang et al. (2008) found that sublimation averaged 20.3% of the annual snowfall at a flat-plain site located in our study area.
The correlation analysis of daily data strongly suggests that air temperature is more strongly affected by downward longwave radiation from the atmosphere than by the downward shortwave radiation. This result is consistent with that found by Iijima et al. (2007) , who pointed out that downward shortwave radiation was not greater in years with the earliest snow disappearance. In brief, these observations imply that downward shortwave radiation does not have a primary role in the melting of snow at middle to high latitudes. This is likely because most downward shortwave radiation is reflected at the snow-covered surface owing to the high albedo, and thus, there is little surface heating.
The synoptic analysis demonstrated that the combination of vertical adiabatic heating and one-day-lagging horizontal warm advection, associated with frequent anticyclones, is the main factor increasing air temperature. It should be noted that both forms of heating did not occur simultaneously; vertical adiabatic heating occurred near the center of the traveling anticyclone in Mongolia, and about 1 day later, horizontal warm advection occurred mainly in the area of southwesterlies or westerlies north of the anticyclone as it departed Mongolia. The quantitative contributions of the two components of heating differ slightly from those observed for the East European Plain (Ueda et al. 2003) , even though both regions are at similar latitudes of the Eurasian continent. The activity of the traveling anticyclone with a period of a few days appeared to increase in conjunction with the attenuation of the Siberian High that dominates in mid-winter as documented by Kimura (1997) .
Extended analysis of the dataset used here after the snowmelt season will provide a sound understanding of land−atmosphere interactions in the region with shallow snow cover, such as how earlier or later snowmelt (or snow disappearance) affects the subsequent summer heating through heat fluxes at the surface.
